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The Question

d How to probe the hadron structure beyond the PDFs?
beyond the probability distributions?

0(Q,s7) = Ho @ f2@ fo+ (1/Q) H1 ® fo @ f3 + O(1/Q?)
? ¢

Too large to compete! Three-parton correlation

1 ldea:

Take a difference of two cross sections,
whose leading power terms are canceled

AO'(Q,ST) = [O'(Q,ST)—O'(Q,—ST)]/Q v
(1/Q)H1(Q/1r, as) @ fa(pur) @ fa(ur) +O(1/Q%)
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SSA in hadronic collisions
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SSA in QCD Collinear Factorization

. Efremov, Teryaev, 1982, Qiu, Sterman, 1991
1 All scales >> Agcp:

2
o(sT) ~
O Factorization at twist-3:
< Tq,F
| dkr
AN X PT

Normal twist-2 distributions

d Twist-3 quark-gluon correlation:

~T

dyy izPty” A — _sponn - , —
o) = [ Lee 0 (Pa [T 00 | [ dug 7o B )| vt 1P or)
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Initial Success of the Formalism

(FermiLab E704) \ (RHIC STAR)
N
0.6 v L
[ p,pat\s=20GeV i % . 0
g p L 0.2F PP at \[s=200GeV I'_Tc

'0.1_ll|||||

- v
02 04 06 'o.'si(F' T BV R Y X 0.2 0.3 04 0.

| 1 I 1 1 1 1
5 06 xg
| . . Kouvaris,Qiu, Vogelsang,Yuan, PRD, 2006
Tqr(z,z,ur) contribution only!
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Twist-3 tri-gluon correlations

Ji, 1992, Kang, Qiu 2008

 Diagonal tri-gluon correlations: Kang, Qiu, Vogelsang, Yuan, 2008
dyy dyy  p+ - ;
To(x,x) = / y; 2 giaPty I;:ﬂf/\ﬁ&
1
1 s onn - o - k klg ’k k
o PP (0) [ F )] PR OIPss) 8 e o0

4 Two tri-gluon correlation functions — color contraction:
Tc(;f)(:c, v) x i fABCpARC B — pARC(TO)AB B
TC(}'d) (CIZ', .CU) o dABC'FAFC'FB — FAFC'(DC)ABFB
. — 2C (C
Quark-gluon correlation: Ty (x,x) o< ¥, F~ (T );;9;

 D-meson production in SIDIS:

<> Clean probe for gluonic twist-3 correlation functions

< Téf)(x, z) could be connected to the gluonic Sivers function
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D-meson production in SIDIS
Q Frame for SIDIS: s plane

Kang, Qiu, PRD 2008

1 Dominated by the tri-gluon subprocess:
' q q ' q q E q
o 4 i P o '

' vwP+ki  xiP ' vP+k. xiP wP+k.  xP

vp (x2-X)P+kyd N " (0-x)P+ko - )Pk ) (x2-X)P+ h:
(a) (b) (c) (d)

1 Single transverse-spin asymmetry:
o(s1)—o(—s1) dAo(s,)
o(s))+o(—sy) drpdydz,dP?, de d:z:dedzhd 2 do

December 11, 2008 7 Jianwei Qiu, ISU

XxP+k

An =




Spin-dependent cross section

1 Contribution from T(f) : Color factor

d.zqud,.th,?quD 7 / / = Dl ( 72 © o™ ) \1

y lephS_L‘n'ﬁ (\/471:as) (1 N é)] Z-A'i [—;r (TG(I,I)) Wi + (TG(.I?,;IT)) l;'\“;i]
2t u) |~ dz x &

4 Partonic hard parts: 11, £ N,

2 ¢ . f 'y PH . 2 /
A1 =1+cosh“y Ay =—-2 Az = —cos¢sinh 2y A4 = cos2¢sinh”
2xgS 2
R . . coshv) = IB, = —1l==-1
f23Q% 442 Q2 Yy
H 1 = 2 + z - i‘ll. Q‘Z 2771 QZ " ) ll {
2_on 932 (4 § > N =4 ; —2mg (= +=+2]|,
+ 4m? [QLH+Q2;2“_2—I;2(3+$+2)]-smi [l+1] 1 [ tii Q2H( Q) m'(t U )]
2 Q* \t t 1622
» A T~ D) 2 [ U
T 16‘1 A ft t 1TV = v : - - 2 ‘o = + by + 2 )
“3 = F [smg (?-9-5-{-2)] § 2 Q2 |:(Q Q ) m <t - )l
- . 1522 2 &
b asllon o |8=0QF (1, 1) Ni = w o-1 42Aql— . Im? 1.{_1 _@-s — 952
Wy = 4J,~6(u —t) [ — 2m? (? + 5) 3 o ( l ) T 13 773 07t q1

. - o 2
Q? (1 1)2 S O B 11
f{t + m; tﬂ + 7 3 A_l =8 2“qJ_ - Q2 +§ tu -—+m 1 t + ry .

Q Contribution from 7. is the same except the color factor
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Features of the SSA

L Dependence on tri-gluon correlation functions:
D — meson T((;f gt T((;d) D — meson T((;f ) _ ((;d)
Separate 1, ((;f ) and T((;d) by the difference between /) and D
 Model for tri-gluon correlation functions:
T (2, 2) = AraG(z) Ara = £ p = £0.07GeV
1 Kinematic constraints:

(

) P2 2 . ‘ P2
rp |1+ pL T } : if zp, + \/:,% + b > 1

zn (1—25)Q% m2 =

-. 2m?2 e . 2 Pe .
rp l—}—@(l—i-\/l ?ﬁ%)} 1f-3h.+\/-3h,‘+‘#31

Note: The z;(1 — z;,) has a maximum

Lmin — $

\

SSA should have a minimum if the derivative term dominates
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Numerical Estimate

4 Production rate (spin averaged):

do 7 8 . U - 3
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Small ¢ dependence, reasonable production rate
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Maximum in the SSA of D-production
[ SSA for D° production ( T((;f)only):
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“ The SSA is a twist-3 effect, it should fall off as 1/P; when P;>>m_
< For the region, Py ~m,, -
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A P,s | nn . . hLl c T
N X € = = —SIN pg—=— R X
t t Z=1zp/z, T=uxp/x
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Minimum in the SSA of D-production
d SSA for D° production (T((;f) only):
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% Derivative term dominates, and small ¢p dependence
< Asymmetry is twice if T((;f ) = +Téd), or zero if T((;f ) = — ((;d)
o If Tc(;d) = 0, same SSA for D meson.

“ Asymmetry has a minimum ~ z, ~ 0.5
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SSA of D-production in Hadronic Collisions

D SSA at RH'C: \/g = 200 GeV = \/77'1,2 4 P}%J_ me. = 1.3 GeV
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Any sizable SSA = tri-gluon correlation Kang, Qiu, Vogelsang, Yuan, 2008

December 11, 2008 13 Jianwei Qiu, 1ISU



Maximum of the SSA
d SSA atRHIC: /s = 200 GeV p = \/-n'zg +- P,%l me = 1.3 GeV
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SSA decreases when p; >>m,
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Evolution Equations for Tri-gluon Correlation

TS b (2,2, 1) a, Kang, Qiu, 0811.3101 [hep-ph]

Oln p%, 27

L4
/ f{ng(z)Tc&%,e,m

Ca
2

1 —
[2 (1:2 + = Z 21— z)) [Tg{},(g,m,ﬂ.p) — Tg},(g,g,w)]

1—2
+2 (1— P —z(l—z))Té{I),(f,a‘,,up)]

'
w0497 )|

N?
+PQQ(Z) (17\,1'2 C_ 1) Z [Tq,F(E, 63 /J’F) - TQyF(&.? f,/JzF‘)] } ;
¢ q

ITEp(@ aur) oy [*de
Oln p% o2 ), &

{ng<z> T, (6,6, ur)

C'a z 1—2 (d (d
= [2(1_z+ - +z(1—z)) (T80 (€ 1) = TSN (6,6 1) |

1—2
+2 (1— = —z(l—z)) Téffi«s,xw)]

Ca
+? [(1 + Z) TX?;,F(Ia 53 /'I’F):|

N2 4
+Po0() (R ) 3 L6, ur) + Toe(Eir)] |-

< Similar to DGLAP of PDFs, All kernels are IR safe
< T') can be perturbatively generated if 7, » + Tj;  # 0
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Scale dependence of Quark-gluon Correlation

Kang, Qiu, 2008

0Ty, p(z, 2, 0F) Qs /1 d¢ ,
Bln 12 = — 9 Paq(2) Ty, r (&, €,
Oln 3. om J, & qa(2) Tq,F (&, &, pF)
Ca [1+42°

+ 9 1 — » [Tq,F(g,lT,ﬂ.F) _Tq,F(gagaﬂ'F)]+ZTQ,F(§,I,/_LF):|

Ca

+T TAq,F(l’agﬁﬂ-F)l

1
+y(2) (5) [T (€ nm) + T b€ ir)] |

qr(z,2,pr) _ as ['dE
’ - = — < Pu(2)T37.r (&€,
Oln p% 2'”/1 ¢ 9q(2) Tq.r (€, &, 1)
Ca [1+4 22
i 2 [l—z

C
+TA [TAq,F(il?,Ea MF)]

[Toq.r(&, 2, 1ur) —Toqr(&, & pr)l+ 2T r (€, 2, #F)]

1
+Pe) (3) [180E €onr) T )] |

< Equations depend on off-diagonal correlation functions
< also on a new set of twist-3 correlation functions
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Twist-3 correlation functions relevant to SSAs

Qd Set |: Qiu, Sterman, 1991, 1998
) Ji,1992, Kang, Qiu, 2008
~ dy; dy +y + o - 7 - T
7, —/#ewp 1e®2P Y2 (P s lih (0) = [T E_*(y5 )| ¥o(yy )| P, s
q,F (27)2 (P, sl q( ) 9 [ (Y2 )] q(y1 )| P, s7) q(:z:)
~ dy, d ]
= [ A P st 0 T )] F 0P
(2m) Pt rG(x)
d Set ll:
N YL dys iwpty ety . i S
TAq,F: (27T) € L€ ? <P ST’wq(O) 9 [l ST Fa (yQ )] ?r"”q(yl )|P~ 8T>
Aq()
~(f.d dyy dyy : p+, - o _ _ .
TiGp = St o Pt 0[5 E, 01 PP ODIP s s
rAG(x)

Two possible color contractions: if,, ., d_, .
Two possible tri-gluon correlation functions
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Connection to Twist-2 PDFs

] Set

Spin-averaged twist-2 PDFs + an operator Insertion

/d;jQ— eiI2P+yQ_ [EsTanﬁ Fg+(y2_)] — i/détieirzp"'yg_ [Z Eﬁ_" STp Fa+(y2_)]
T s

1 Set ll:

Spin-dependent twist-2 HDFs + an operator Insertion

Z/ Yo i[5 B ()
27

 Extra ‘i’

Phase needed for the nonvanishing SSAs

Do not contribute to parity conserving double-spin asymmetry!
such as g,
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Q2-Dependence of Correlation Functions
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Similar to DGLAP except small-x region
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Summary
 Single transverse-spin asymmetry is directly connected to
the parton’s transverse motion (P and T invariance)
— an excellent probe for the cause of parton’s transverse motion

d Two complementary approaches:

TMD: direct k; information — two-scale observables

Collinear: net spin-dependence of all k; — single-scale observalbes

 D-meson production in SIDIS, as well as in hadron-hadron
collisions, is an excellent observable to measure the new
tri-gluon correlation functions

QCD global analysis of twist-3 distributions 1T, r 1g,F
that are responsible for the SSAs Inqr Iac,F
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Backup slides
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What is the T¢(x,x)?

Q Twist-3 correlation Tr(x, x):

Ay o pta—
o) = [ S

X (P, 57 |%q (0)y™ [/ dys €T F T (y; ) | Ya(yy )| P, 51)

 Twist-2 quark distribution:

dy, izPtTy” = - — -
1) =/ f; """ Y1 (P, 57| (0)y T Ya(yy )| P, 51)

T= (x,x) represents a net spin dependence of a quark’s
transverse motion via a gluon interaction inside
a transversely polarized proton
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What the 7-(x,x) tries to tells us?

rest frame of (p,sy)

O Consider
a classical
(Abelian) 2
situation:

1 ST
3 T TB
charged particle
()

~_ < D
y\_/ p’~ i(l,—zl_\)

APz' p=(m,0) 2m

— change of transverse momentum

d
dt

_p’2 - e(fﬁ" X B)o = —ewvzB1 = evz Fa3s

— Iin the c.m. frame

(m,0) - 7= (1,0,07), (1,—2) - n = (0,1,07)

d _r __ sSsTonn -+
:EPQ—GBGT Fa‘

— total change:

December 11, 2008

Aph = e [ dy eSSt F T (y™)
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D-meson production in Hadronic Collisions

Kang, Qiu, Vogelsang, Yuan, 2008

 Two partonic subprocesses:

K I R

O Quark-antiquark annihilation:
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Factorized formula for D-meson production

1 Same factorized formula for both subprocesses:

Ep, 32;; - =< Z/—Dc_»h (2) %éq/B( )/if%(eph’:;n‘ﬁ)d(§+f+a)
X [(Tq rlz,z) — TdiTq F(a, :1):) Hyg—c(3,t,0) + Ty p(z, 2)Heg—e(5, T, &)] :
En, s ;d [ S0 @) [ S Vi, (GP";"’">5(§+5+J&.)
x K:rg)(x, z) _x%:r‘”( )) HY (5,1, a) + T3 (z, 2)HS)_ (5, 7, 'a.)] ,
 Hard parts:
Hygc=H,, .., +H}: . (1 + %) HO = HIO 4 gEO (1 + %)

All Hyq— and Hy .. and HED | vanish as m? — 0

0 Hard parts change sign for 7" (z,z) when c—¢é

(f)  _ (d) d
Hgg—>c H%Lm Hgg—>c - Hfgg)—w’
f)  _ (d) _ d
Hgg—>c Hg]s;)—w’ Hgg—>6 - _Hgg)—w
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